The QCD corrections to the top-quark pair production via both polarized and unpolarized gluon fusion in pp collisions are calculated in the Minimal Supersymmetric Model(MSSM). We find the MSSM QCD corrections can reach 4% and may be observable in future precise experiments. Furthermore, we studied the CP violation in the MSSM, our results show that the CP violating parameter is sensitive to the masses of SUSY particles (It becomes zero, when the c.m. energy is less than twice the masses of both gluino and stop quarks.) and may reach 10 −3 .
I. Introduction
The minimal supersymmetric model(MSSM) [1] is one of the most interesting extensions of the Standard Model (SM). Therefore testing the MSSM has attracted much interest. As is well known, the MSSM predicts supersymmetric(SUSY) partners to all particles expected by the SM, and searching for their existence is very important.
Since the top-quark was already found experimentally by the CDF and D0 Collaborations at Fermilab [2] , we believe that more and more experimental events including top-quark will be collected in future experiments. That gives us a good chance to study the physics in top-quark pair production from pp or pp collisions with more precise experimental results. Because of the heavy mass of the top quark this process provides a test of the SM and possible signals of new physics at high energy.
The dominant subprocesses of top-quark pair production in pp or pp colliders are quark-antiquark annihilation and gluon-gluon fusion. The lowest order of those two subprocesses has been studied in Ref. [3] . There it was found that the former subprocess (qq annihilation) is more dominant in pp collisions when the c.m. energy( √ s) is near the threshold value 2m t , whereas subprocess via gg fusion will be more and more important with increasing c.m. energy, and can become the most dominant one when the c.m. energy is much larger than 2m t .
In Ref. [4] , the QCD corrections to top-quark pair production in pp collisions have been studied in the frame of the SM. It may seem natural that the QCD corrections of those processes in the frame of the MSSM are important for distinguishing those two models. Recently, the SUSY QCD corrections to top pair production viaannihilation were given in Ref. [5] . The SUSY QCD corrections via unpolarized gluon-gluon fusion were presented by C.S.Li. et. al [6] .
It is obvious that the correction from the SUSY QCD is related to the masses of topquark and SUSY particles. Assuming the SUSY breaking scale at about 1 TeV, the masses of SUSY particles would be smaller than 1 TeV. So we can hope that corrections from SUSY particles are significant, since the heavy mass of the top quark (m t = 175.6 ± 5.5 GeV (world average)) may be comparable to some of the light SUSY particle masses. Therefore the SUSY QCD correction would give us some significant information about the existence of SUSY particles indirectly.
Recently, the spin structure of the nucleon has been intensely studied by polarized deep inelastic scattering experiments at CERN and SLAC. This knowledge allows us to find a clear signal beyond the SM, if we collect enough events in the process of top-quark pair production from polarized pp or pp collisions. In the SM QCD, there is no CP violation mechanism, whereas in the SUSY QCD, the situation may be different. If we introduce phase angles of gluon partner and quark partners, we can get CP violation in the MSSM QCD [7] . Once we get enough statistics of top-quark pairs from pp or pp colliders at higher energy, it will be possible to test CP violation. On the other hand, the spin-dependent parton distributions can be obtained from their polarized structure function data in Ref. [8] .
There one found that the shape of polarized gluon and quark distributions in the nucleon depends on its polarization. Therefore the CP violation effects through the process of top-quark pair production via gg fusion may be observed in polarized pp or pp collisions.
In this work we concentrate on the SUSY QCD corrections to the process pp → gg → ttX both in polarized and unpolarized colliding beams. In section 2, we give the tree level contribution to subprocess gg → tt. In section 3 we give the analytical expressions of the SUSY QCD corrections to gg → tt. In section 4 the numerical results of the subprocess gg → tt and the process pp → gg → ttX are presented. The conclusion is given in section 5 and some details of the expressions are listed in the appendix.
II. The Tree-Level Subprocess
The graphical representation of the process g( Fig.1 (a) . The Mandelstam variables are defined as usual
soŝ +t +û = 2m 2 t . The amplitude of tree-level diagrams with polarized gluons can be written as: [3] (a, b are color indices of external gluons , i, j are colors of external top-quarks and T a = λa 2 are the Gell-Mann matrices.)
We chose a form in which only physical polarizations of gluons remained:
where n = k 1 + k 2 , λ 1,2 = ±1. ¿From that, we can get the cross section at the tree-level with both polarized and unpolarized gluons.
III. SUSY QCD corrections (non-SM) to the subprocess gg → tt
Relevant Lagrangian in the MSSM.
The difference between the MSSM QCD and the SM QCD corrections stems from the interactions of SUSY particles. Thus we can divide SUSY QCD corrections into a standard and a non-standard part. The Lagrangian density of the non-SM part of the SUSY QCD interaction is written as:
Where
q stands for quark,q for corresponding squark,g for gluino, P L and P R for left, right helicity projections, respectively. The mixing between the left-and right-handed stop quarkst L andt R can be very large due to the large mass of the top quark, and the lightest scalar top-quark mass eigenstatet 1 can be much lighter than the top-quark and all the scalar partners of the light quarks. Therefore the left-right mixing for the SUSY partners of the top quark plays an important role. Here we only considered the SUSY QCD effect from stop-quark, because we assume that other scalar SUSY quarks are much heavier than the stop-quark and hence decoupled. Furthermore we introduce the phase φ A and φg in the stop mixing matrix and a Majorana mass term for the gluino [7] . Defining θ as mixing angle of stop-quark, we havet
where we suppose mt
2. Analytical results of the MSSM QCD corrections.
The one-loop SUSY QCD correction diagrams are shown in Fig.1(b) . In the following we present only the amplitude expressions of s-channel and t-channel. The amplitude of uchannel can be obtained from the t-channel expression by the following variable exchanges:
The one-loop diagrams can be divided into three groups: the self-energy diagrams of gluon and top-quark shown in Fig.1 (b.1); gtt and ggg vertex correction diagrams shown in Fig.1(b.2) ; box diagrams shown in Fig.1 (b.3) .
The ultraviolet divergence is controlled by dimensional regularization (n = 4 − ǫ). The strong coupling-constants are renormalized by using the modified Minimal Subtraction (M S) scheme at charge-renormalization scale µ R . This scheme violates SUSY explicitly and the qqg Yukawa couplingĝ s , which should be the same with the qqg gauge coupling g s in supersymmetry, takes a finite shift at one-loop order. Therefore we take this shift betweenĝ s and g s as shown in Eq.(3.b.1) into account in our calculation, in order to have the physical amplitudes independent of the renormalization scheme and we subtract the contribution of the false, non-supersymmetric degrees of freedom (also called ǫ scalars) [9] .
where C A = 3 and C F = 4/3 are the Casimir invariants of SU(3) gauge group. The heavy particles(top quarks, gluino, stop-quarks, etc.) are removed from the µ R evolution of α s (µ 2 R ), then they are decoupled smoothly when momenta are smaller than their masses [10] . We define masses of heavy particles as pole masses.
The renormalized amplitude corresponding to all SUSY QCD one-loop corrections (as shown in Fig.1 ) can be split into the following components:
where δM s , δM v , δM box and δM d are the one-loop amplitudes corresponding to the selfenergy, vertex, box correction diagrams and the decoupling part, respectively. The δM d
stems from the decoupling of the heavy flavors from the running strong coupling, and is given explicately by (see also [9] [10]):
3.Self-energy corrections to the amplitude.
The amplitude of self-energy diagrams δM s ( Fig.1.(b.1) ) can be decomposed into δM g s (gluon self-energy) and δM q s (top-quark self-energy), i.e.
The amplitudes δM
and δM
are for s-, t-and u-channel, respectively. They can be expressed as:
where M 0 is the tree-level amplitude defined in Eq (2.4).
where Here we defineΣ
with
(3.c.11)
Where x 1 = cos θe −iφ , x 2 = sin θe iφ , x 3 = cos θe iφ , x 4 = sin θe −iφ , y 1 = sin θe −iφ , y 2 = − cos θe iφ , y 3 = sin θe iφ , y 4 = − cos θe −iφ , and θ is mixing angle of stop-quarks, see
Eq (3.a.6/7). We also define
The explicit expressions of the top-quark wave-function renormalization constants have the following forms:
(3.c.14)
We use the following abbreviations:
4.Vertex-corrections to the amplitude.
The amplitudes for vertex diagrams can be expressed as:
where
and
The functions Λ (3g) µνρ and Λ a µ,(ij) are listed in Appendix B.
5. Box-corrections to the amplitude.
The box diagram corrections in the t-channel ( Fig.1(b. 3)) are given as follows: Collecting all terms in Eq (3.b.2), we can get the total cross section:
, and the spin sum is performed only over the final top-quark pair when we considered polarized gluons.
IV. Numerical results
We denoteσ 0 for the Born cross section andσ for the cross section including oneloop SUSY QCD corrections of subprocess gg → tt, and define its relative correction aŝ
. For polarized gluon fusions,σ ++ ,σ −− andσ +− are the cross sections with positive, negative and mixed polarization of the gluons, respectively. In order to inspect the CP violating effects we introduce the CP-violation parameter for the subprocess defined byξ CP =σ
. The possible SUSY QCD effects in gg → tt should be observed in pp colliders. By analogy we can define also the relative correction and CP violating parameter for the process pp → gg → tt as δ =
, respectively. The SUSY QCD contribution to the process p(P 1 , x)p(P 2 , y) → gg → ttX (x,y are polarizations of protons) can be obtained by convoluting the subprocess with gluon distribution functions.
protons. We take Q = µ R = 2m t .
In order to get results of top quark pair production from polarized pp collisions, we need to consider the polarized gluon distributions in protons. The cross sections of polarized pp → gg → ttX can be written as
where x and y are the polarizations of incoming protons and λ 1 , λ 2 are the polarizations of gluons inside protons. In order to explore the effects of the SUSY QCD correction for future arrangements of optimal experimental conditions, we also investigate the subprocess gg → tt.
The relative SUSY QCD correction and CP violating parameter versus c.m. energy is depicted in Fig.3(b) andδ +− as function of √ŝ is plotted in Fig.3(c) . Each curve in shows also thatξ CP will be zero, if the c.m. energy is below the threshold of SUSY particles in the loop( i.e. √ŝ ≤ 2mg = 400 GeV in Fig.3(b) ). This is reasonable because only beyond this point can we have absorptive terms which give contributions toξ CP .ξ CP has obvious resonance effect in the regions around √ŝ ∼ 2mg = 400GeV and √ŝ ∼ 2mt i , (i = 1, 2) = 500 GeV, 900 GeV . We also find that the two stop quarks
give opposite contributions toξ CP and when their masses are degenerateξ CP will vanish.
When the c.m. energy √ŝ is larger than 1 T eV ,ξ CP will be near zero, because the contributions from the two stop quarks will cancel each other. Therefore a quantitative strong change ofξ CP as function of c.m. energy can be an indication for the signals of stop quarks and gluino.
σ(±, ±) andξ CP as functions of mg are shown in Fig.4 (a) and Fig.4 (b) , respectively.
In Fig.4 we take √ŝ = 500GeV , mt Finally, the dependence ofδ ±± andξ CP on the phase φ is shown in Fig.7 (a) and (b).
In Fig.7 , we take √ŝ = 500 GeV , mg = 200GeV , θ = 45 • and mt 1 = 150 GeV . We find thatξ CP is directly proportional to sin (2φ) and reaches its maximal value when φ = π 4 .
IV. Conclusion
In this work we have studied the one-loop supersymmetric QCD corrections to the subprocess gg → tt and process pp → gg → ttX. The calculations show that the SUSY QCD effects are significant. The absolute values of the corrections are about 2% ∼ 4%, so they may be observable in future precision experiments. Furthermore, we find ξ CP depends strongly on masses of SUSY particles and can reach 10 −3 when we take plausible SUSY parameters.
The results show that there is an obvious difference between the corrections for the protons polarized with parallel spin and that with anti-parallel spin. Hence there is a possibility to study spin-dependence in the frame of the MSSM QCD.
We also presented and discussed the results of the subprocess gg → tt. We find that when the c.m. energy passes through the value 2mg or 2mt i (i = 1, 2), the value of the CP violating parameterξ CP changes strongly. If c.m. energy is less than both 2mg and 2mt i (i = 1, 2),ξ CP will be zero. If in future experiments a sharp change inξ CP is found with √ŝ running from low c.m. energy to high c.m. energy, it would be interpreted as a signal of SUSY particles. Furthermore, because the CP violating parameterξ CP is sensitive on the mass of gluino(as shown in Fig.4 (b) ) and the mass splitting of stop-quarks
(as shown in Fig.5 and Fig.6 ), we can also get information of SUSY particles from precise measurements ofξ CP .
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A. Loop integrals:
We adopt the definitions of two-, three-, four-point one-loop Passarino-Veltman integral functions in reference [11] [12]. The integral functions are defined as
, (A.a.1)
µ is the scale parameter.
, (A.a.
3)
The numerical calculation of the vector and tensor loop integral functions can be traced back to the four scalar loop integrals A 0 , B 0 , C 0 and D 0 in Ref. [11] [12] and the references therein.
B. Vertex corrections:
The 3-gluon-vertex can be written as: (a,b,c are the color indices of the external gluons)
µνρ are expressed as follows:
where a = 1, 2, and the f 
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Similarly, the gtt vertex functions are composed of left-handed and right-handed contributions plus a counterterm: (We define a as color index of external gluon and i, j as colors of external top-quarks)
The expressions of Λ (n) µ , n = 1L, 1R, 2L, 2R are given as following:
Then we can get h (n) i as follows: (i=1,2,..., 10)
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18
The counter terms are given by:
The wave function renormalization constants can be obtained from Eq.(3.c.13) and Eq.(3.c.14).
C. Box corrections:
Finally, we list the four form factors F ti µν as given in Eq. Furthermore, the form factors in the u-channel are given by
The expressions of F (t1R) k (k = 1 ∼ 20) are given as below:
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The expressions of F (t2R) k (k = 1 ∼ 20) are as follows:
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